Titanium body porcelains were synthesised through the sol-gel combustion method by using carbamide and glycine as the composite organic fuels with a mole ratio of 7:3. Then the synthesised porcelain was microwave fused on the Ti surface. The porcelain was characterised by X-ray diffraction and scanning electron microscope tests. The XRD results showed that the body porcelains ignited at 400, 500 and 600 °C were all amorphous. When the ignited temperature is only 400 °C, some crystalline diffraction peaks of KNO 3 existed due to the incomplete combustion reaction. When the igniting temperature was elevated to 500 and 600 °C or a higher ratio of fuel to nitrates (1.25:1 and 1.5:1) was employed, the nitrates completely reacted and there was no obvious nitrate residue. The size and quantity of the pores slightly increased with the ratio of fuel to nitrates increased from 1:1 to 1.5:1. A dense coating with a homogeneous vitreous structure was fused on the Ti surface by microwaves.
INTRODUCTION
Titanium has received much more attention as a good dental restorative material, because of its excellent characteristics, such as low cost, high strength, being lightweight, having excellent corrosion resistance and biocompatibility [1] [2] [3] . However, when the fusion temperature is above 800 °C, the Ti surface oxidation will result in a decrease in the bonding strength between the porcelain and Ti, which restricts the application of titanium porcelain [4] [5] [6] . Therefore, a special titanium body porcelain with low fusion temperature was developed in this research.
The conventional melting-quenching manufacturing process has been used to produce porcelain powders [7] . The porcelains synthesised by the sol-gel combustion method have a higher sintering activity and lower sintering temperature, for its rational utilisation of the liberated energy from the high exothermic reaction of the fuels and oxidants [8, 9] . Sol-gel combustion synthesis and microwave sintering can both reduce the synthetic and sintering temperature as ways of rapid synthetic methods [10, 11] , which will avoid bonding strength degradation caused by excessive oxidation of the titanium surface. Therefore, the research was focused on the sol-gel combustion synthesis and microwave fusion processing to prepare an amorphous body porcelain layer on Ti with a fine-grained microstructure [12] .
EXPERIMENTAL
The body porcelain with the weight percent composition of 69 % SiO 2 -6 % Na 2 O -5 % K 2 O -2 % Li 2 O -6 % CaO -4 % B 2 O 3 -7 % Al 2 O 3 -1 % ZnO was synthesised by sol-gel processing as in our previous work [12] . Carbamide and glycine were used as the composite organic fuels with a mole ratio of 7:3. The composite organic fuels were added into the solution at different fuels to nitrates ratios, such as 1:1, 1.25:1 and 1.5:1, and stirred continuously until they were completely dissolved. A homogeneous gel was obtained after 4 h of stirring and 3 days of ageing at 60 °C. Then the xerogel was ground with an alumina crucible and ignited at different temperatures in a furnace to finish the combustion synthesis. The prepared porcelain was deposited on the surface of the Ti substrate by spincoating processing and then dried in the oven at 60 °C for 30 min. Then the synthesised porcelain coating was microwave fused on the Ti surface with a heating rate of 80 °C/min and holding for 20 min at the sintering temperature in the microwave furnace (MobileLab Workstation, Tangshan Nayuan microwave thermal in-strument manufacturing co., LTD.). The porcelain powders were examined by an X-ray diffractometer (D/max-r, Rigaku Corp., Japan) and a Field-Emission Scanning Electron Microscope (SU8220, HITACHI, Japan). Figure 1 shows the XRD patterns of body porcelains ignited at different temperatures. The XRD results demonstrated that all the three body porcelains mainly showed steamed bead peaks, indicating that their major phases were amorphous. When the igniting temperature is only 400 °C, some crystalline diffraction peaks of KNO 3 (JCPDS: 32-0824) existed, which represented that the fuels were not adequate enough to react with the oxidant of the nitrates. The chemical reaction equations between the nitrate and carbamide are shown as below. Similar equations are shown for the glycine. In addition, it may be due to the incomplete combustion resulting from the lower ignition temperature and the incomplete decomposition of nitrates. Therefore, excessive fuels with a fuel to nitrates ratio of 1.25:1 and 1.5:1 were used and the effect of the fuel to nitrates ratio on the crystal structure of the porcelains was studied. Figure 2 shows the XRD patterns of porcelains ignited at 400 °C with the fuel to nitrates ratio of 1:1, 1.25:1 and 1.5:1. The XRD results demonstrated that when the fuel to nitrates ratio increased to 1.25:1 and 1.5:1, both of the body porcelains exhibited an amorphous structure, indicating the adequate reaction of KNO 3 . As the molar ratio R increases, the residual KNO 3 crystal fades away gradually. The increase of the fuel quantity contributes to the higher reaction temperature, where the nitrate can be broken down adequately. Therefore, we can know that the increase in the fuel quantity makes up for the influence of the inefficient ignition temperature. As a result, no diffraction peaks of KNO 3 were found and a homogeneous amorphous structure was obtained. Figure 3 shows the XRD patterns of the titanium body porcelains ignited at 500 °C with the fuel to nitrates ratio of (a) 1:1, (b) 1.25:1 and (c) 1.5:1. Similar to Figure 2 , the major phase of all three body porcelains were amorphous and no crystalline diffraction peaks of KNO 3 existed, which represented that the fuels adequately reacted with the oxidant of the nitrates. When the igniting temperature increased to 500 °C, the increase in the fuel quantity scarcely affected the crystal-structure of the porcelains. The SEM microphotographs of the porcelain particles are shown in Figure 4 . Figure 4a shows that the porcelain particles sizes ranged from about 10 μm to 80 μm and D 50 was 28.64 μm. Figure 4b shows that there were scarcely any pores formed on the body porcelain surface. Figure 4c shows that the porcelain particles sizes ranged from about 10 μm to 100 μm and D 50 was 41.33 μm. Figure 4d shows that there were many pores on the porcelain surface (the pore size ranged from about 200 nm to 1.4 μm). Figures 4e and f show similar particle structures to c and d, while the pore sizes ranged from about 200 nm to 2.4 μm. When the fuel to nitrates ratio increased from 1:1 to 1.5:1, the size and quantity of the pores slightly increased.
RESULT AND DISCUSSION
The TEM, the selected area electron diffraction (SAED) and the EDS photographs of the porcelain particles are shown in Figure 5 . Figure 5a shows that the shape of the porcelain particle was irregular and its size was about 5 μm long and 4 μm wide. The SAED photograph in Figure 5b porcelain particles was mainly amorphous, which was consistent with the XRD results in Figure 1 . The TEM photograph in Figure 5c showed that the atomic composition of the main elements was O 50.32 at. %, Na 6.16 at. %, Si 27.84 at. %, P 1.22 at. % and Ca 14.44 at. %, which converted to a weight composition of Na 2 O 8.59 wt. %, SiO 2 44.04 wt. %, P 2 O 5 3.90 wt. % and CaO 43.48 wt. %. It was not completely consistent with the designing composition of the porcelain and we could see that the element Ca segregated on the surface of the powders. During the sol-gel combustion processing of the porcelain, phase separation was generated because of the high content of the alkali metal and alkaline earth metal oxide. This accounted for the composition inconsistence with the design. Figure 6 shows the SEM photographs of the porcelain coatings microwave fused on Ti at: a), b) 700 °C, c), d) 750 °C. In Figures 6a, b , the pores in the coating are connected to each other, which revealed that the sintering temperature of 700 °C is not high enough to form a dense continuous network structure of the glass. While in Figures 6c and d , there are rarely pores on the surface of coating, and the coating was sintered to a dense homogeneous vitreous structure. After the temperature was increased by 50 °C, the micro-structure of the coating changes significantly, from a porous structure into a dense structure.
Compared with conventional sintering, the densification process can be promoted because the heat flow in the microwave sintering comes from the interior of the particles and the higher diffusion coefficient can be obtained in the microwave electromagnetic field [11] . The continuous changes of dipoles in the materials can produce strong vibration and friction, therefore, promoting atomic diffusion, improving densification and quickening the chemical reaction [11] . Figure 7 shows the SEM and EDS element line scanning photographs of the cross-section of the Tiporcelain. Figure 7a shows that there were no obvious micro-cracks on the interface and the porcelain coating closely bonded to the Ti surface. The EDS element line scanning photograph in Fig 7b indicated the element diffusion of Ti to the porcelain layer and Si to the Ti matrix. The thickness of the diffusion layer was about 10 μm. The microwave promoted atomic diffusion and improved the chemical reaction between the Tiporcelain, which would lead to the good bonding strength between Ti and the porcelain.
CONCLUSIONS
The amorphous body porcelains synthesised by the sol-gel combustion method were microwave fused on the Ti surface. A higher ratio of fuel to nitrates (1.25:1 and 1.5:1) and igniting temperature of 500 °C were employed to completely reduce the nitrates. When the igniting temperature was elevated to 500 and 600 °C or higher, along with when the fuel to nitrates ratio increased from 1:1 to 1.5:1, the size and quantity of the pores slightly increased. The microwave promoted atomic diffusion and improved the chemical reaction between the Tiporcelain, which leads to the good bonding strength between Ti and the porcelain.
